Experimental study of eddy diffusion coefficients, evapotranspiration and water use efficiency by Millington, R.J. & Peters, D.B.
WRC RESEARCH REPORT NO. 48 
An Experimental Study o f  Eddy D i f f u s i o n  Coe f f i c i en ts ,  
Evapot ransp i ra t ion  and Water Use E f f i c i e n c y  
R. J. M i l l i n g t o n  
Professor o f  S o i l  Physics 
and S o i l  Sc ien t i s t ,  USDA-ARS 
0. 0 .  Peters 
Professor o f  S o i l  Physics 
and Soi l Sc ien t i s t ,  USDA-ARS 
F I N A L  R E P O R T  
P r o j e c t  No. A-031-ILL 
The work upon which t h i s  p u b l i c a t i o n  i s  based was supported by funds 
provided by the  U. S. Department o f  t he  I n t e r i o r  as au thor ized under 
t h e  Water Resources Research Act  o f  1964, P.L. 88-379 
Agreement No. 14-31-0001-3213 
UNIVERSITY OF ILLINOIS 
WATER RESOURCES CENTER 
2535 Hydrosystems Laboratory 
Urbana, I l l i n o i s  61801 
December 197 1 
ABSTRACT 
AN EXPERIMENTAL STUDY OF EDDY DIFFUSION COEFFICIENTS, 
EVAPOTRANSPIRATION AND WATER USE EFFICIENCY 
Measurements o f  mass t r a n s f e r  c o e f f i c i e n t s  were made d i r e c t l y  by 
the  use o f  p o i n t  and l i n e  sources. The gas used was propane. 
The s tud ies  revealed t h a t  the  form o f  t he  p r o f i l e  o f  m s s  t r a n s f e r  
c o e f f i c i e n t s  was markedly dependent on crop geometry, w i t h  a loca l  
maximum and minimum w i t h i n  t h e  crop canopy. 
Fur ther  s tud ies  demonstrated the  an iso t ropy  o f  mass t r a n s f e r  coef -  
f i c i e n t s  above the  crop canopy wherein t h e  downwind component was 
greater  than the  crosswind component. Crosswind and v e r t i c a l  com- 
ponents were nea r l y  equa I. 
Studies were a l s o  made on energy balances w i t h i n  crops and w i t h  
i nd i v idua l  p l a n t  leaves. 
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The p l a n t  o r  c rop  cover then  p lays  i t s  most impor tant  r o l e  i n  
n o t  o n l y  r educ ing  t h e  phase and amp l i tude o f  f l u c t u a t  ions i n  r u n o f f  water 
i t s e l f ,  b u t  i n  r educ ing  t h e  phase and ampl i tude  o f  v a r i a t i o n s  i n  i t s  
m inera l  con ten t .  
Bo th  these a m e l i o r a t i n g  e f f e c t s  a r e  dependent n o t  o n l y  on 
e v a p o t r a n s p i r a t i o n  r a t e s  b u t  a l s o  on growth ra tes .  These rates,  on a 
ground area basis,  r e f l e c t  t h e  i n t e g r a t e d  behavior  o f  t h e  p l a n t  c o m u n i t y -  
environment system. However, i t  i s  n o t  o n l y  a n a l y s i s  o f  t h i s  macrosystem 
b u t  ex tens ion  o f  t h e  a n a l y s i s  t o  s i n g l e  p l a n t  and s i n g l e  l ea f  perfcrmance 
which w i l l p rov ide  understanding and improved u t i  l i z a t i o n  o f  these  p l a n t  
community-environment systems. 
A b i l i t y  t o  measure p l a n t  growth i n  terms o f  carbon f i x a t i o n  and 
evapo t ransp i ra t i on  p rov ides  t he  means o f  accoun t i ng  whereby water ba lance 
and p o t e n t i a l  n u t r i e n t  f i x a t i o n  r a t e s  can be assessed. Fur ther ,  t h e  water 
use e f f i c i e n c y  o f  n a t u r a l  and c rop  p l a n t  communit ies i s  d i r e c t l y  de r i ved  
from such measurements and can be s t a t e d  i n  terms o f  pho tosyn the t i c  r a t e  
i n  r e l a t i o n  t o  water use. 
2. THEORETICAL BACKGROUND 
2.1 - One-Dimensional Flow i n  the  Soil-Plant-Atmosphere Svstem 
I n  p l a n t  communities, i n  t h e  absence o f  ho r i zon ta l  gradients 
i n  environmental propert ies, the f l uxes  can be taken as one-dimensional, 
v e r t i c a l  f luxes.  I n  t h e  process o f  photosynthesis carbon d iox ide  i s  
consumed and i n  the  process o f  t ransp i ra t i on ,  water vapor i s  produced. 
Thus, w i t h i n  the  canopy o f  t he  crop o r  p l a n t  communitv a f low 
equat ion can be w r  i t t e n  
where we a r e  concerned w i t h  the  f l ow  F o f  some proper ty  o f  concent ra t ion  
C which i s  both t ime ( t )  and space ( z )  dependent and which i s  f u r t h e r  
produced a t  a r a t e  S which, also, i s  t ime and space dependent. 
S, t he  source o r  s ink  term, might  be regarded as t h e  r a t e  o f  
consumption o r  r a t e  o f  product ion o f  C02 o r  H20 respec t i ve l y  by say in-  
d i v i d u a l  leaf  o r  u n i t  lea f  area. Above the  crop 
S = O  
and 
f o r  zl > h where h i s  t h e  crop height.  The f low F occurs by eddy d i f f u s i o n  
which i s  orders of mggnitude greater than molecular d i f f u s i o n  and, f o r  
&i = 0, t h e  steady s t a t e  condi t ion,  a t  
which def ines K, the  eddy d i f f u s i o n  c o e f f i c i e n t .  
Thus i n  the  steady state, t h e  f l u x  o f  water (evapot ransp i ra t ion  
r a t e )  o r  carbon d iox ide  (ne t  photosynthesis) can be determined from 
measures o f  t he  appropr ia te  grad ien t  and the  eddy d i f f u s  ion c o e f f i c i e n t  
above the  crop. 
When the  same data a r e  ava i  l a b l e  w i t h i n  the  crop, est imates 
o f  the  d i s t r i b u t i o n  o f  source s t reng th  can be obtained. 
2.2 - Methods o f  A r r i v i n q  a t  Fluxes 
To est imate K, t he  eddy d i f f u s i o n  c o e f f i c i e n t ,  var ious methods 
have been employed(l,2,3)*. A l l  methods make assumptions on the  e q u a l i t y  
o f  t he  eddy t r a n s f e r  c o e f f i c i e n t s  f o r  mass, momentum and/or sens ib le  
heat. Since mass t r a n s f e r  was the  o b j e c t  o f  study here, i t  was decided 
t o  in t roduce a r t i f i c i a l  sources and, from concent ra t ion  d i s t r i b u t i o n s  
about these sources, t o  compute the  eddy d i f f u s i o n  c o e f f i c i e n t .  I dea l l y ,  
w i t h  an ex tens ive  plane source o f  known strength, t h e  p r o p o r t i o n a l i t y  
constant  between f l u x  ( i n v a r i a n t  w i t h  he igh t  i n  t he  steady s t a t e )  and 
grad ien t  is, unambiguously, t h e  eddy d i f f u s i o n  c o e f f i c i e n t .  l-bwever, 
t h e  mechan i cs  o f  in t roduc i n g  such a source proved t o o  great  t o  be a  
p r a c t i c a l  undertaking. 
Instead, l i n e  and p o i n t  sources were used and, from d i f f u s i o n  
theory and c o n t i n u i t y  considerat ions, ana lys i s  o f  concent ra t ion  d i s t r i -  
bu t ions  provided est imates o f  the  eddy d i f f u s i o n  c o e f f i c i e n t .  
2.3 - Use o f  Con t ro l l ed  Sources 
Propane gas was released from both  p o i n t  and " i n f  i n i t e l '  l ine 
sources and concentrat ions a t  va ry ing  d is tances from the  source were 
measured. Propane was released a t  po in t s  i n  and above the  crop and 
a i r  samples were pumped from sampling po in t s  about t he  po in t s  o f  re lease 
* Raised numbers i n  parentheses r e f e r  t o  reference l i s t .  
i n t o  an inst rument  t r a i l e r ,  f o r  a n a l y s i s  u s i n g  a gas chromatograph. 
An automated system a l lowed cont inuous sampl i n g  and dupl i c a t e  analyses 
were made o f  t h e  mean concent ra t  i on  averaged over  ha l f hour samp l i ng 
per iods.  The a n a l y s i s  system made 24 analyses every h a l f  hour, d u p l i -  
c a t e  analyses a t  12 sampl ing s t a t i o n s .  
From these concen t ra t i on  d i s t r i b u t i o n  data and t h e  known source 
s t r e n g t h  (ml o f  propane gas per  sec. o r  m l  o f  propane gas per cm per 
sec.) es t imates  o f  t h e  eddy d i f f u s i o n  c o e f f i c i e n t  were obtained. 
3. MAIN FINDINGS 
3.1 - P r o f i l e  Studies 
Studies were made i n  soybean crops a t  var ious stages o f  
m a t u r i t y  and height  p r o f i l e s  o f  t he  eddy d i f f u s i o n  c o e f f i c i e n t  were 
obta i ned. 
The form o f  these p r o f i l e s  was markedly dependent on crop 
geometry. While the  rows were d is t inguishable,  t h e  p r o f i l e  showed a loca l  
maximum and minimum. The former occurred i n  the  lower p a r t  o f  t he  crop 
canopy where leaf  area per u n i t  volume o f  canopy was low. The local  min- 
imum occurred i n  t h e  zone o f  h ighest  leaf  area density,  say, a t  2/4 h 
where h was the  crop height. 
These were the  f i r s t  d i r e c t  measures which unequivocal ly  demon- 
s t r a t e d  t h a t  t h e  form o f  t he  r e l a t i o n  between K ( the  eddy d i f f u s i o n  coef-  
f i c i e n t )  and he ight  could not  be i n fe r red  from the  ins ide  one-dimensional 
aerodynamic methods o f  ana l ys i s  (4,5) 
3.2 - The Downwind, Crosswind and V e r t i c a l  Components o f  I( 
Fur ther  studies, us ing  ho r i zon ta l  and v e r t i c a l  l i n e  sources 
as we l l  as p o i n t  sources simultaneously, showed the  an iso t ropy  o f  mass 
t r a n s f e r  c o e f f i c i e n t s  i n  and above the  crop canopy. Our r e s u l t s  showed 
t h a t  the  downw ind component, Kx, was greater  than t h e  crossw i nd component, 
K ~ '  which was o f  s i m i l a r  magnitude t o  t h e  v e r t i c a l  component, Kz. 
Again, these data on v a r i a t i o n  i n  mass t r a n s f e r  c o e f f i c i e n t s  i n  
na tu ra l  environments were the  f i r s t  o f  t h e i r  k ind  and were not  based on 
assumptions o f  e q u a l i t y  o f  mass and heat t r a n s f e r  c o e f f i c i e n t s .  
3.3 - Enerav Balances Wi th in  t h e  Crop 
I n  con junc t ion  w i t h  t h e  mass t r a n s f e r  studies, p a r t i t i o n i n g  o f  
ne t  r a d i a t i o n  was undertaken, as we1 l as the  a t tenua t i on  o f  s h o r t  wave 
r a d i a t i o n  w i t h i n  t h e  crop. 
These s tud ies  again h igh l i gh ted  t h e  e f f e c t s  o f  an iso t ropy  o f  
t h e  crop canopy on t h e  microcl imate. The most s i g n i f i c a n t  f i n d i n g  was 
t h e  c l e a r  demonstration o f  t h e  need t o  develop crop product ion and evapo- 
t ransp i r a  t ion models based on two- and t hree-d i mens i ona l f luxes. 
3.4 - Leaf E n e r ~ v  Balances 
The source and s i n k  terms w i t h i n  t h e  canopy a r e  generated by 
t h e  exchange between the  bu l k  a i r - p l a n t  medium and t h e  p l a n t  i t s e l f .  
I n  general terms 
S = HAC 
where H i s  an exchange c o e f f i c i e n t  and 42 a  concentrat ion d i f f e r e n c e  
between t h e  lea f  and t h e  surrounding a i r .  
Extensive s tud ies  were made o f  r a d i a n t  energy, sens ib le  heat 
and l a t e n t  heat exchange between s i n g l e  leaves and t h e i r  environment. 
These showed c l e a r l y  t h a t  the  exchange c o e f f i c i e n t s  f o r  sens ib le  heat 
and l a t e n t  heat (water vapor) were n o t  t he  same f o r  simple, f r e e l y  evapo 
r a t i n g  surfaces. 
I n  these s tud ies  equipment was developed which r e s u l t e d  i n  
cont ro l ,  f o r  t he  f i r s t  time, of  t h e  overa l l lea f  energv balance. A l l 
energy exchange processes were cont ro l led ,  and measurable, i nc lud ing  t h e  
long wave r e r a d i a t i o n  from the  leaf.  
Considerable i n s i g h t  was gained i n t o  the  s i g n i f i c a n c e  o f  long 
wave r e r a d i a t i o n  i n  bo th  laboratory and f i e l d  s i t u a t i o n s .  
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The study c a r r i e d  ou t  has prov ided pub l ished accounts o f  a 
number o f  face ts  o f  crop evapot ransp i ra t ion  and crop growth. Further,  
the  work has generated a con t i nu ing  program i n  crop aerodynamics, crop 
energy balance and the  nature o f  p l a n t  phvs io log i ca l  processes l i m i t i n g  
exchange between the  p l a n t  o r  crop and i t s  environment. I n  terms of 
water use and q u a l i t y ,  p l a n t  growth and cover n o t  o n l y  modify t he  form 
o f  shor t - te rm and long-term hydrographs b u t  a l s o  the  p a t t e r n  o f  so lub le  
s a l t  f l uxes  i n  t he  overland and seepage flows. 
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